Introduction
Until late 1987, it was believed that insulin's ability to reduce hepatic glucose production (HGP) resulted from the direct interaction of the hormone with its receptor in the hepatocyte plasma membrane. This belief was called into question when Prager et al. (1) The inability of insulin to suppress hepatic glucose production (HGP) is a key defect found in type 2 diabetes. Insulin inhibits HGP through both direct and indirect means, the latter of which include inhibition of glucagon secretion, reduction in plasma nonesterified fatty acid level, decrease in the load of gluconeogenic substrates reaching the liver, and change in neural signaling to the liver. Two studies in this issue of the JCI demonstrate that selective changes in the expression of insulin receptors in mouse liver do not have a detectable effect on the ability of insulin to inhibit HGP (see the related articles beginning on pages 1306 and 1314). These provocative data suggest that the indirect effects of insulin on the liver are the primary determinant of HGP in mice.
infusion, even when the estimated portal vein insulin concentration did not rise. These results suggested that insulin also reduces hepatic glucose output by indirect mechanisms. Subsequent work by others supported this concept (2-5), and it is now recognized that insulin can inhibit HGP by both direct and indirect means ( Figure 1 ).
Indirect actions of insulin on the liver
The indirect actions of insulin on HGP are diverse. Glucagon secretion from the α cell of the pancreas is diminished by insulin, which in turn causes a reduction in HGP (6) . Likewise, nonesterified fatty acid (NEFA) release from the adipocyte is reduced by insulin, and a reduction in the supply of NEFAs to the liver causes an increase in hepatic glycolytic flux, resulting in glucose-6-phosphate exiting the liver after being converted to lactate rather than glucose (3). Additionally, the effect of insulin on fat and muscle reduces the supply of gluconeogenic precursors reaching the liver, again reducing HGP (2, 7). More recently, insulin's action in the brain has been postulated to play a role in the regulation of HGP (8) . It is known that the brain can sense the circulating insulin level (9) and that it provides neural input to the liver (10). Further, it has been shown that infusion of insulin into the third ventricle of rats can reduce glucose production (8) . Likewise, blocking insulin action in the rat hypothalamus impairs the ability of a physiologic rise in circulating insulin to inhibit HGP (8) .
Direct actions of insulin on the liver
The exploration of insulin's indirect effects on the liver called into question the physiologic relevance of the hormone's direct hepatic effect, even though numerous in vitro studies had shown it to exist. Perhaps the best in vivo demonstration of the hormone's direct effect on the liver comes from studies conducted in the conscious overnight-fasted dog, in which changes in plasma insulin were brought about selectively in the liver using the pancreatic clamp technique.
In the absence of any change in arterial plasma glucagon or insulin levels, plasma NEFA level, gluconeogenic precursor load reaching the liver, or insulinization of the brain, hepatic glucose output rose 3-fold when portal vein insulin fell by 75%, and decreased by 50% when portal vein insulin rose by 75% (7, 2) . These data leave no doubt that the liver responds directly, rapidly, and sensitively to the insulin in the plasma perfusing it. The relative importance of the direct and indirect effects of insulin in regulating HGP was also examined in the overnightfasted conscious dog (11) . Somatostatin was infused to inhibit endogenous insulin and glucagon release, and both hormones were replaced intraportally at basal rates. After a 40-minute control period, the route of insulin delivery was switched from the portal vein to a femoral vein. As a result, the arterial insulin level was doubled, and the portal vein insulin level was halved. This led to a rise in HGP and hyperglycemia (11) , which proves the dominance of insulin's direct effects on the liver in this species.
Manipulation of hepatic insulin receptors in mice
The importance of the direct interaction of insulin with its hepatic receptors is supported by Fisher et al.'s observations that hepatic insulin resistance and markedly elevated plasma insulin levels were present in liver insulin receptor knockout (LIRKO) mice (12) . These authors concluded that insulin's direct and indirect effects both require the presence of hepatic insulin receptors. The overall health of the LIRKO animals has been questioned, however (13) , and the long-term absence of hepatic insulin receptors may give rise to a unique phenotype.
In light of the findings of Fisher et al. (12) , the results of Buettner et al. (13) and Okamoto et al. (14) described in this issue of the JCI are surprising. Buettner et al. showed that acute inhibition of insulin receptor expression in mice by the injection of an antisense oligonucleotide did not inhibit insulin's ability to suppress glucose production (13) . In a companion paper from the same lab, Okamoto et al. showed that restoration of insulin receptors in the livers of mice otherwise lacking the insulin receptor did not restore insulin's ability to reduce glucose production in vivo (14) .
Figure 1
Mechanisms by which insulin can inhibit HGP in vivo.
Taken at face value, these results suggest that the role of hepatic insulin receptors in the control of HGP in mice is limited and that the indirect mechanisms of insulinmediated HGP inhibition are dominant.
Methodological considerations
The measurement of endogenous glucose production during an insulin clamp in the mouse is difficult. One must therefore consider the possibility that changes in the direct effect of insulin on endogenous glucose production occurred in the 2 aforementioned studies (13, 14) but could not be detected. To assess the responsiveness of HGP during a euglycemic hyperinsulinemic clamp, one must subtract the glucose infusion rate from the rate of glucose turnover. Given the magnitude of these rates in mice as reported by the authors (54 ± 5 to 40 ± 4 mg/kg per minute), the differences are likely to have high variance. The incremental change in the plasma insulin level brought about by Buettner et al. caused a 50% fall in HGP (i.e., a difference of about 15 mg/kg per minute) in control animals (13) . If two-thirds of this fall was attributable to insulin's direct effect on the liver, then if that effect was reduced by 50% as a result of the near-absence of hepatic insulin receptors, one would expect a decline of 10 mg/kg per minute. In that case, HGP during the clamp period in the 2 groups would differ by only 5 mg/kg per minute. Given the variance in the calculated HGP, the small magnitude of the difference in HGP in the 2 groups, and the fact that the basal HGP was not determined in the clamp experiments, the study probably did not have the power to detect a reduction of even 50% in the direct effect of insulin on the liver. As a result, although a direct effect of insulin on HGP was not evident (13) , it cannot be ruled out on the basis of the data presented. However, the error is less relevant to the findings of the companion paper from Okamoto et al., as in that case there should have been a full direct effect (i.e., a decrement of 10 mg/kg per minute in glucose production) in the mice with restored insulin receptors, and this did not appear to occur (14) . It must be remembered, however, that a modest decrease might well have gone undetected for the methodological reasons discussed above. Nevertheless, the combined papers make a compelling case for the role of indirect mechanisms in the control of HGP in mice.
As a small amount (approximately 5%) of hepatic insulin receptors may have been present even 1 week after treatment with the antisense oligonucleotide in the Buettner et al. study (13) , it is possible that there were still enough receptors present to allow insulin to reduce HGP to some extent. But it becomes harder to explain why 5% of residual receptors would be enough to suppress HGP in this model when 60% of receptors in the study by Okamoto et al. failed to mediate insulin's effect. Another surprising finding in the Buettner et al. paper is the observation that insulin clearance did not change despite the change in hepatic insulin receptor expression. Given the importance of liver insulin receptors in insulin degradation (15, 16) , one would have expected to see a greater increase in plasma insulin levels in the absence of hepatic insulin receptors. Interestingly, in the Okamoto et al. study, the same increase in plasma insulin was observed in response to insulin infusion in wild-type mice and mice with insulin receptors in the liver but not elsewhere in the body (14) . An additional confounder in this study is the fall in adiponectin levels that was observed during insulin infusion (14) . The role of adiponectin in determining the liver's sensitivity to insulin is one we are striving to better understand, and these animal models may be useful in that respect.
Physiological considerations
The authors' conclusion that changes in the expression of insulin receptors in the liver do not affect the ability of insulin to inhibit HGP prompts the question: How did the fall in HGP reported by Buettner et al. (13) come about? The data from this study show that the observed inhibition of HGP cannot be attributed to a fall in plasma glucagon level, plasma NEFA level, or gluconeogenic precursor load reaching the liver. The only indirect mechanism that appears viable is that of an action of insulin on the brain. If this is the mechanism by which the inhibition of HGP came about, then 3 questions arise: First, do mice have constitutively high neural drive to the liver? Second, does the role of the brain in controlling HGP become more important when hepatic insulin receptors are absent? Third, is the regulation of HGP in mice unique, or do these findings also apply to other species? The increased ability to manipulate the mouse genome by way of conditional mutagenesis should allow the authors to address some of these remaining questions in due course.
With regard to the first question, it must be remembered that basal glucose production in mice is 10-15 times greater (per kg of body weight) than in humans and dogs, while basal plasma glucagon levels are similar in all 3 species. It is therefore possible that, in mice, the liver does have substantial neural input in the basal state. It is also possible that removal of hepatic insulin receptors actually leads to increased neural control of glucose production as a protective response. In either case, caution must be used in extrapolating these findings to non-rodent mammals.
Even though the use of the antisense oligonucleotide targeted against the insulin receptor obviated the need for long-term absence of the hepatic insulin receptor, it still created an ever-increasing deficiency of insulin receptors progressively over the course of 1 week, possibly allowing the expression of compensatory mechanisms. This is a very different situation from one in which there is an acute reduction in portal vein insulin levels (over the course of minutes, as in the previously described dog studies; ref.
2) or in the number of hepatic insulin receptors. Acute reduction of either exposes the physiologic role of those receptors (or the direct effect of insulin on the liver), while a more prolonged deficiency examines a combination of their physiologic roles and the adaptive response of the animal to their absence.
Summary
It is clear, based on all of the aforementioned studies, that insulin's control of HGP is not only important but much more complex than previously imagined. In this respect, these 2 studies contribute exciting, if somewhat provocative, new insight into this area. Data from studies of dogs clearly point to the dominance of insulin's direct effects on the liver, while data from studies of mice suggest that it is insulin's indirect effects that are dominant. It is known that in humans, insulin inhibits glucose production by both direct and indirect means (17, 18) , but it remains to be seen whether the lessons learned from these animal models can be applied to the treatment of patients with diabetes. and type 2 diabetes. In order to clarify the pathogenesis of this disease and identify potential therapeutic targets, an increased understanding of the dynamics of triacylglycerol (TAG) metabolism in the liver in relation to whole-body metabolic status is needed. Sources of hepatic TAGs include dietary TAGs that are transported via chylomicrons from the intestine to adipose tissue or to the liver, where they are secreted via lipoproteins, in addition to TAGs that are synthesized from fatty acids and glycerol in the liver. Fatty acids required for TAG synthesis are available from both the plasma nonesterified fatty acid (NEFA) pool and the pool of fatty acids newly synthesized within the liver through de novo lipogenesis (DNL). TAGs present in the liver may be stored as lipid droplets or secreted into the blood as VLDLs; they may also enter the oxidation pathway (Figure 1) . The study by Donnelly et al. in this issue of the JCI examines hepatic lipoprotein metabolism in humans and describes the major sources of hepatic and plasma lipoprotein TAG in NAFLD (2).
The NEFA pool Donnelly et al. found that the plasma NEFA pool accounts for approximately 60% of TAG content in the livers of NAFLD patients, which reflects the importance of the NEFA pool in the pathogenesis of NAFLD (2) . The hepatic uptake of fatty acids is not regulated and, as a result, plasma fatty acid concentration is directly related to the influx of fatty acids to the liver. The authors report that, in the fasted state, adipose tissue contributes approximately 80% of fatty acid content to the plasma NEFA pool, and even in the fed state, this contribution remains at approximately 60%. Thus, the overproduction of fatty acids in adipose tissues that flow to the liver via the NEFA pool is the most likely explanation for excess TAG accumulation in NAFLD. In insulin-resistant states, insulin does not fully suppress the activity of hormone-sensitive lipase, which catalyzes the hydrolytic release of fatty acids from the TAG moiety and results in enhanced lipolysis and flux of fatty acids to the plasma NEFA pool (Figure 1) . In addi- Nonalcoholic fatty liver disease (NAFLD) is the most common cause of abnormal results in liver-function tests. This clinical situation is really a continuum of diseases that includes simple (benign) fatty liver, nonalcoholic steatohepatitis (NASH), cirrhosis, and hepatocellular carcinoma (1) . NAFLD is defined as liver steatosis in patients who do not consume enough alcohol to cause hepatic injury. Although some drugs or genetic abnormalities can cause NAFLD, the majority of cases are associated with obesity, insulin resistance,
